The gene responsible for multiple endocrine neoplasia type 1 (MEN1) has recently been identified. Wide expression of the MEN1 gene in endocrine and non-endocrine organs examined by northern blotting has been reported, but the detailed cellular distribution of the MEN1 transcript in each tissue has not yet been examined in any species. In this report, expression of the MEN1 gene in adult human tissues was studied by in situ hybridization. The MEN1 transcript was widely observed in all tissues examined, and an enhanced expression in relation to cell proliferation was seen in some organs. Cell cycle arrest at the G1-S border reduced the MEN1 mRNA level to less than 50% of that in exponentially growing asynchronous cells. The expression increased as cells entered into S phase, indicating cell cycle-associated transcriptional regulation of the MEN1 gene. Increase or decrease of the amount of menin did not affect proliferation of CHO cells under normal conditions. However, when cells were exposed to the DNA-cross-linking agent, diepoxybutane, overexpression of wild-type menin inhibited DNA synthesis. This effect was not observed when cells were exposed to ultraviolet light. These results suggest that menin may negatively regulate cell cycle under certain DNA damage. (Lab Invest 2000, 80:797-804).
M
ultiple endocrine neoplasia type 1 (MEN 1) is an autosomal dominantly inherited disease causing a predisposition to hyperplastic and neoplastic disorders arising from the parathyroid, anterior pituitary, and endocrine pancreas (Thakker, 1998) . The gene responsible for MEN 1, designated MEN1, has recently been identified (Chandrasekharappa et al, 1997 ; The European Consortium on MEN1, 1997) . Germline mutations of the MEN1 gene have been identified in most subjects with familial and sporadic MEN 1 (Bassett et al, 1998; Chandrasekharappa et al, 1997; Giraud et al, 1998 ; The European Consortium on MEN1, 1997) . Mutation of the MEN1 gene along with the loss of unaffected allele in tumors of patients indicates that this gene functions as a tumor suppressor and that the loss of both alleles leads to tumor development (Knudson, 1985) . More than 200 germline and somatic mutations of the MEN1 gene have been identified to date but no apparent hot spots or genotype-phenotype correlations have been observed, providing little clue to either the physiological function or the domain structure of the MEN1 gene product, menin (Chandrasekharappa et al, 1997) . Menin has been demonstrated to be a nuclear protein (Guru et al, 1998) which functionally interacts with the AP1 transcription factor JunD (Agarwal et al, 1999; Gobl et al, 1999) . The wide expression of the Men1 transcript in early stage of mouse embryogenesis suggests that this gene may play a role in fetal development (Bassett et al, 1999; Stewart et al, 1998) . In humans, the ubiquitous expression of the MEN1 gene in endocrine and non-endocrine organs, as examined by northern blotting, has been reported (The European Consortium on MEN1, 1997), but the detailed cellular distribution of the MEN1 transcript in each tissue has not been examined in any species. To elucidate this issue and to understand the role of menin in cell physiology and tumorigenesis, we have examined expression of the MEN1 gene in adult human tissues by in situ hybridization. The MEN1 transcript was widely observed in various organs regardless of their origin. Interestingly, cell proliferation-associated expression of MEN1 was observed in some organs. This was also confirmed by synchronization of cultured cells. Analysis of DNA synthesis in cultured cells revealed that overexpression of menin inhibited DNA synthesis when cells were exposed to a DNA-cross-linking agent, but not to ultraviolet light. Menin may play a role in cell cycle regulation or DNA repair under certain conditions.
Results
Expression of the MEN1 transcript in various adult human tissues was examined by in situ hybridization using a 150 base pair riboprobe containing an antisense MEN1 cDNA sequence (see Materials and Methods) . A list of examined tissues and the results of the in situ hybridization is summarized in Table 1 . As depicted in Figure 1 , the MEN1 transcript was widely observed in various organs regardless of their origin. No hybridization was detected when the sense probe was used. Weak and homogenous hybridization was observed in lung, liver, kidney, spleen, mammary gland, and thyroid. In kidney, no apparent difference of expression levels was seen between glomeruli and tubuli (Fig. 1A) . In pancreas, moderately intense expression was observed in acinar cells, while expression in islet cells was weaker than that in acinar cells (Fig. 1C) . Karges et al (1999) recently reported that MEN1 mRNA expression levels are high in rodent islet cells, while in other pancreas tissue, expression levels are low. The reason for the difference between our results and theirs is unclear. It may be because of species differences or differences in methods. The strongest expression we found was in placenta, where MEN1 expression was homogeneously observed (Fig.  1E ). Intense expression was also found in the proliferative phase of endometrium and parabasal cells of the esophageal mucosa (Fig. 1, G and M) . In contrast, only faint expression was seen in the secretory phase of endometrium (Fig. 1J ). These findings imply that the MEN1 expression is enhanced in actively proliferating cells. Indeed, expression of Ki67, the marker of proliferative activity, was observed in areas where MEN1 expression is prominent (Fig. 1, I , L and O).
To investigate whether the MEN1 gene expression is cell proliferation dependent, COS cells were synchronized at the G1-S border by the addition of thymidine to the culture medium. Cells were then exposed for various periods to medium containing 20% FBS. Total RNA was isolated and used for northern blotting. As shown in Figure 2A , synchronization of cells at the G1-S border decreased MEN1 mRNA levels to 44% of that of exponentially growing asynchronous cells. MEN1 mRNA levels gradually increased as cells entered into S phase, and returned to their initial levels 8 hours after stimulation. MEN1 mRNA levels were stable thereafter (data not shown).
These results indicate that the MEN1 gene is abundantly expressed where cells are actively proliferating and that MEN1 expression is partly regulated in a cell cycle-associated manner. To examine the significance of MEN1 gene expression on cell proliferation, CHO cell lines expressing wild-type or mutant menin, and a cell line with reduced menin expression were established. Expression of wild-type and mutant menin in each clone was confirmed by western blotting (Fig.  3A) . Clones WT-3 and WT-12 expressed tagged wildtype menin, and FS-2 and FS-5 expressed mutant menin, which lacked carboxylterminus because of a frame shift mutation at amino acid codon 516 . In clone Rev-1, established by transfection of cells with pcDNA/HisMeninRev, expression of endogenous menin was reduced to approximately 30% of that of control. pcDNA/HisMeninRev was generated by insertion of MEN1 cDNA into pcDNA3.1/HisC in the reverse direction, thus it is expected to reduce endogenous menin expression by RNA-RNA hybridization. Increase or decrease of the wild-type or mutant menin did not significantly affect cell growth, as demonstrated by the virtually equal growth rates of all cells (Fig. 3B) . After 48 hours in culture, cell numbers of control cells were approximately 25-fold greater than initially. Similar growth rates were observed in all other cells. This was confirmed by the uptake of bromodeoxyuridine (BrdU) in each cell line at various concentrations of FBS in the culture medium (Fig. 3C ). These results indicate that, at least in CHO cells, menin does not exert a direct effect on cell proliferation and DNA synthesis. With 0.5% FBS, BrdU incorporation in WT-3, WT-12, FS-2, and FS-5 cells were lower compared with control CHO cells, but did not reach statistical significance (Fig. 3C ).
It has previously been reported that lymphocytes from patients with MEN 1 show increased chromosome aberration when exposed to DNA-cross-linking agents Tomassetti et al, 1995) . Therefore, we examined the effect of menin expression on the cellular response to one such agents, diepoxybutane. As shown in Figure 4A , diepoxybutane decreased BrdU incorporation in a dose-dependent manner in all cells. Addition of 1 nM and 10 nM diepoxybutane in culture medium decreased the BrdU incorporation of control CHO cells to 52.0 Ϯ 13.3% and 30.9 Ϯ 3.6% (mean Ϯ SD) of untreated cells, respectively. Diepoxybutane also decreased BrdU incorporation in other cell lines in a dose dependent manner. With 10 nM diepoxybutane, BrdU incorporation in WT-3 cells decreased to 18.1 Ϯ 5.2% of BrdU incorporation. Additionally, in FS-2 and FS-5 cells, the efficiency of diepoxybutane was not different than in control CHO cells. This inhibitory effect of wild-type menin on BrdU incorporation was specifically observed only in the presence of diepoxybutane. As shown in Figure 4B , exposure of cells to ultraviolet light reduced BrdU incorporation in a dose-dependent manner. Neither overexpression nor reduction of menin expression influenced the inhibitory effect of ultraviolet light on BrdU incorporation. Finally, to examine whether diepoxybutane affects the expression of endogenous menin, CHO cell nuclear extracts were prepared after exposure to either 10 nM diepoxybutane or ultraviolet light and menin levels were examined by western blotting. As shown in Figure 4C , exposure to either diepoxybutane or ultraviolet light did not significantly change the menin expression. No mobility shift of the protein, as is seen in the phosphoproteins, was seen.
Discussion
In the present study, we examined the detailed distribution of the MEN1 transcript in human adult tissues by in situ hybridization. Wide expression of the MEN1 gene in various tissues has previously been reported by northern blotting and western blotting (Bassett et al, 1999; Chandrasekharappa et al, 1997; Ikeo et al, 1999; Karges et al, 1999; Stewart et al, 1999) , but the present study revealed that the distribution in each organ is not always even. Enhanced MEN1 expression was observed in regions where cells are actively proliferating (Fig. 1) . Some tumor-suppressor gene products dramatically change their expression levels during cell cycle; by cellular stresses through regulation of mRNA expression or by affecting the stability of the protein (Andres et al, 1998; Bertwistle et al, 1997; McKay et al, 1998; Shier et al, 1997) . With this knowledge and recent reports demonstrating abundant expression of the Men1 gene in fetus and testis (Bassett et al, 1999; Stewart et al, 1999) , and with our present 
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results of in situ hybridization, we reasoned that MEN1 gene expression might be regulated in a cell cycledependent manner. Although the magnitude of fluctuation was not very dynamic as is seen in some tumor suppressor genes (Andres et al, 1998; Bertwistle et al, 1997; McKay et al, 1998; Shier et al, 1997) , the MEN1 mRNA in cultured cells was decreased to less than 50% of the control level by halting cell cycle at the G1-S border ( Fig. 2A) . We did not observe any effects of menin expression on cell proliferation under regular culture conditions (Fig. 3, B and C) . However, overexpression of menin significantly inhibited DNA synthesis when cells were exposed to a DNA-cross-linking agent. These results indicate that the role of menin is not merely the acceleration or inhibition of cell proliferation under normal circumstances, but rather that it functions as a negative regulator of cell proliferation when DNA is damaged. Along with previous observations Tomassetti et al, 1995) of chromosome aberration in lymphocytes from patients with MEN 1, it is possible that menin plays a role in the maintenance of DNA integrity or in repair of damaged DNA. The higher frequency of altered DNA copy numbers in parathyroid adenomas with MEN1 gene mutations and/or loss of heterozygosity than in adenomas without MEN1 involvement (Farnebo et al, 1999 ) also suggests that the MEN1 gene product may be important in maintaining DNA integrity. Increased sensitivity to DNA-cross-linking agents is the cardinal feature observed in patients with Fanconi anemia (FA) (Ishida and Buchwald, 1982) , an autosomal recessive disorder characterized by bone marrow failure, cancer susceptibility, and a variety of developmental defects. This disease is genetically heterogeneous and patients can be classified into eight complementation groups (FA A-H) by somatic-cell hybrid analysis; only three of eight responsive genes (FANCA, FANCC and FANCG) have been cloned de Winter et al, 1998) . Cell cycle-dependent expression of FANCC protein and nuclear colocalization of FANCA/FANCC complex have been reported (Kupfer et al, 1997a, b) . Menin might directly or indirectly interact with these FA gene products and affect their function. The significance of the cell cycleassociated expression of the MEN1 gene and molecular mechanisms by which menin inhibits DNA synthesis after exposure to DNA-cross-linking agents awaits future elucidation.
Expression of the MEN1 gene in non-endocrine tissues as well as in endocrine organs raises questions about the mechanisms of the tumorigenesis in target organs in MEN 1. Despite its wide expression, involvement of menin is known only in endocrine tumors, foregut carcinoids, and cutaneous tumors (Bö ni et al, 1998; Marx et al, 1998) . Additionally, the physiological significance of different levels of expression in different tissues is unclear. Recent reports revealed that menin plays a role in transcriptional regulation through interaction with the AP1 transcription factor JunD (Agarwal et al, 1999; Gobl et al, 1999) . Because JunD functions as a negative regulator for cell growth and antagonizes ras-induced transactivation (Pfarr et al, 1994; Wang et al, 1996) , the antagonistic effect of menin on JunD function and its role as a tumor suppressor seemed paradoxical. Recently, a suppressive effect of menin on the ras-mediated tumor phenotype in vivo and in vitro has been reported from the same group (Kim et al, 1999) . The previously reported JunD function could be the consequence of the synergistic interaction of JunD and menin, rather than the function of JunD itself. Alternatively, menin could exert its tumor-suppressor function through interaction with JunD. Although MEN 1 is manifested in organ-specific neoplastic disorders, neither menin nor JunD shows an endocrine organ-specific distribution. Furthermore, an increased prevalence of ras-mediated tumors, such as pancreatic adenocarcinoma (Villanueva et al, 1996) and lung adenocarcinoma (Salgia and Skarin, 1998) , is not found in patients with MEN 1. There might be a functional interaction between menin and regulatory nuclear protein(s) other than JunD, which are expressed in an organ-specific manner. It is also possible that the function of menin is regulated by a tissue-specific posttranslational modification. Alternatively, in a physiological environment, menin may be redundant in non-endocrine organs, where other proteins may compensate for the function of menin. During preparation of this manuscript, Kaji et al (1999) reported cell cycle dependent fluctuation of menin level in GH4C1 cells. Their observation agrees with our present results, but do not support the previous report by Guru et al (1999) , demonstrating constant expression of menin throughout the cell cycle in NIH3T3 cells. The reason for the apparent differences between these reports is not clear. The cell cycle-dependent change of menin expression may be a cell-specific phenomenon, or the observation of quantitative change of translation product may be difficult because of the long half-lives of both MEN1 mRNA and menin. The half-life of menin in COS cells, estimated by cycloheximide treatment, is approximately 10 hours and that of MEN1 mRNA, estimated by actinomycin D treatment, is approximately 24 hours (data not shown). The halflives of MEN1 mRNA and menin in other cells are not known. It is also unknown whether the fluctuation of MEN1 mRNA parallels the fluctuation of menin.
In conclusion, we found that the MEN1 gene expression is regulated in a cell cycle-associated manner, to some extent. The inhibitory effect of overexpressed menin on DNA synthesis after exposure to a DNA-cross-linking agent implies that menin may function not only as a "gatekeeper" but also as a "caretaker" (Kinzler and Vogelstein, 1997) . Future elucidation of the function of menin should enable a better understanding of the pathogenesis of MEN 1 and subsequently lead to better clinical management of patients with MEN 1.
Materials and Methods

Preparation of a MEN1-Specific RNA Probe
A part of the MEN1 cDNA encoding amino acids 431 to 480 of menin (Chandrasekharappa et al, 1997) was amplified by polymerase chain reaction using pCMVsportMenin (generously provided by Dr. S. C. Chandrasekharappa), containing full-length human MEN1 cDNA, as a template. This amplicon was subcloned into the XbaI and Asp718 sites of pGEM-3Zf (ϩ) (Promega, Madison, Wisconsin) . This construct was linealized with XbaI, and a digoxigenin-labeled antisense RNA probe was prepared using T7 RNA polymerase and a DIG RNA labeling kit (Boehringer Mannheim, Mannheim, Germany). A sense probe was similarly obtained with SP6 RNA polymerase using Asp718-digested plasmid as a template.
In Situ Hybridization
Normal human tissue specimens obtained at surgery were subjected to in situ hybridization. After the tissue sections were deparaffinized in xylene, hydrated slides were immersed in 0.2 M HCl for 20 minutes and then digested with proteinase K, followed by postfixation with 4% paraformaldehyde. These slides were rinsed with 2 mg/ml of glycine and subsequently acetylated for 10 minutes in 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0). The hydrated slides were defatted with chloroform and air-dried. After prehybridization with 50% deionized formamide and 2x SSC for 1 hour at 45°C, the slides were hybridized with 0.5 mg/ml antisense or sense probe in 50% deionized formamide, 2.5 mM EDTA (pH 8.0), 300 mM NaCl, 1X Denhardt's solution, 10% dextran sulfate, and 1 mg/ml of brewer's yeast tRNA at 45°C for 16 hours. After hybridization, the slides were washed in 50% formamide and 2x SSC for 1 hour at 45°C and digested with 10 mg/ml of RNase A at 37°C for 30 minutes. After washing with 2x SSC and 50% formamide at 45 o C for 1 hour, 1x SSC and 50% formamide at 45°C for 1 hour, and 1x SSC and 50% formamide at room temperature for 30 minutes, the sections were subjected to immunohistochemistry for detection of the hybridized probes using an alkaline phosphatase-conjugated anti-digoxigenin antibody (Boehringer Mannheim). The alkaline phosphatase reaction was visualized with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium.
Immunohistochemistry
Deparaffinized tissue slices were subjected to indirect immunohistochemistry with the Ki67 antibody (Dako, Kyoto, Japan). For the secondary antibody, goat antirabbit immunoglobulin-G antibody conjugated with horse-radish peroxidase (Dako) was used, and perox- Ikeo et al idase activity was visualized with a diaminobenzidinehydrogen peroxide solution.
Northern Blotting
Total RNA was isolated from cultured COS cells using the RNAqueous total RNA isolation kit (Ambion, Austin, Texas). To halt cell growth, cells were cultured in medium supplemented with 3 mM thymidine for 14 hours, followed by incubation in fresh thymidine-free medium for 10 hours. Cells were again cultured with 3 mM thymidine for an additional 12 hours, then stimulated by medium supplemented with 20% FBS. After incubation for the desired time, cells were harvested and total RNA was isolated. Ten micrograms of total RNA was separated by agarose gel electrophoresis, blotted onto Hybond-Nϩ (Amersham, Buckinghamshire, United Kingdom), and hybridized with a 32 Plabeled 1.4 kb XhoI MEN1 cDNA fragment. A GAPDH probe was used as a control for RNA preparation and loading. After hybridization under standard conditions, membranes were washed and air-dried, and hybridized radioactivity was detected by the Bioimaging Analyzer System BAS1500 (Fuji Photo Film, Tokyo, Japan).
Flow Cytometric Analysis
COS cells cultured as described above were harvested and stained with propidium iodide. The cell population at each point was analyzed by FACScan (Becton Dickinson, Oxnard, California).
Western Blotting
Ten micrograms of nuclear extract was separated on a 10% SDS-polyacrylamide gel and blotted onto a nitrocellulose membrane (Hybond-C extra, Amersham). The membrane was blocked in Tris-buffered saline with 0.05% Tween 20 (TBS-T) containing 5% skim milk for 1 hour followed by incubation with an antimenin antibody (HGK) diluted 1:2000 in TBS-T containing 1% skim milk for 2 hours at room temperature. HGK was developed by immunizing rabbits by synthetic peptide corresponding to amino acids 199 to 212 of menin . After several washes in TBS-T, the bound antibody was detected with peroxidase-coupled anti-rabbit IgG antibody and ECL Western blotting detection reagents (Amersham).
Establishment of Transfected Cell Lines and Monitoring of Cell Growth
CHO cells were grown in F-12 medium (Gibco, Rockville, Maryland) supplemented with 10% FBS to subconfluence. Cells were transfected with either pcDNA/HisMenin, pcDNA/HisMenin516FS, pcDNA/HisMeninRev, or pcDNA3.1/HisC (Invitrogen, Carlsbad, California). Details of pcDNA/HisMenin and pcDNA/HisMenin516FS have been described previously . pcDNA/ HisMeninRev was generated by inserting MEN1 cDNA into pcDNA3.1/HisC in the reverse direction. Transfection was performed using Lipofectamine (Gibco) according to the manufacturer's instructions. Transfected cells were selected in medium containing 500 g/ml of G418 (Nacalai Tesque, Kyoto, Japan). In each established cell line, expression of N-terminal-tagged wild-type menin or N-terminal-tagged mutant menin (516FS) as well as inhibition of endogenous menin expression by pcDNA/ HisMeninRev was examined by western blotting, as described above. To monitor the DNA synthesis of each clone, 3 ϫ 10 3 cells were seeded into a 96-well ELISA plate in F-12 medium containing 3% FBS, unless otherwise indicated. The indicated amount of diepoxybutane (Sigma, St Louis, Missouri) was also added when necessary. The next day, the uptake of bromodeoxyuridine (BrdU) was estimated using Cell Proliferation ELISA, BrdU kit (Boehringer Mannheim) according to the manufacturer's instructions. To examine the effect of ultraviolet light, cells were exposed to the indicated doses of ultraviolet light immediately before the addition of BrdU.
